Abstract-The implementation of a compact continuous-time optical transient sensor with commercial CMOS technology is presented. In its basic version, this sensor consists of a photodiode, five transistors and a capacitor. The proposed circuit produces several output signals in parallel. These include a sustained, logarithmically compressed measure of the incoming irradiance, half-wave rectified and thresholded contrast-encoding measures of positive and negative irradiance transients, and a signal that shows a combination of the sustained and the bidirectional transient response. The particular implementation reported in this work responds to abrupt irradiance changes with contrasts down to less than 1% for positive transients and 25% for negative transients. Circuit modifications leading to more symmetric contrast thresholds around 5% are also described. Due to their compactness these transient sensors are suitable for implementation in monolithic one-or two-dimensional imaging arrays. Such arrays may be used to sense local brightness changes of an image projected onto the circuit plane, which typically correspond to moving contours.
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I. INTRODUCTION
T HE HIGH density of visual information in our environment makes real-time image transmission and processing a major challenge, in spite of the ever increasing speed of available electronic processing circuits. However, image data tends to be highly redundant and, thus, compressible without information loss. Furthermore, for a given application, part of the image information may be irrelevant. In order to alleviate the bandwidth requirements of multiplexed data transmission and processing channels, suitable prior coding and reduction of the image data is highly desirable. This can partly be achieved by performing local image processing operations concurrently at each location of visual data acquisition (pixel) in the focal plane. A very basic and useful image compression function is the enhancement or extraction of fast temporal changes in the image. This is particularly true for highly correlated time-variant images with large static regions. Not surprisingly, temporal change detection techniques are widely used in video compression algorithms, such as those defined by the MPEG standards.
As a substrate for electronic imaging and focal-plane image processing CMOS technology has been gaining new interest in the past years as a consequence of its rapid development, as driven by the computer industry [1] . This leads to continuing miniaturization and improvement coupled with inexpensive fabrication and low power consumption. Due to the essentially two-dimensional structure of CMOS and most other integrated circuit technologies, image acquisition and processing elements have to be interlaced in the focal plane and there is a tradeoff between image resolution and parallel processing power. Given the resulting requirement of high processing densities and the analog nature of the optical input signal analog approaches for parallel focal-plane image processing compare favorably with digital solutions for the implementation of various functions.
In this article, we present a compact integrated circuit suitable for use in a focal-plane image processing pixel. Its main function is the enhancement of local brightness transients as a means for image preprocessing and compression. The article is organized as follows: Section II describes some of the circuit features with regard to imaging applications, Section III presents the configuration of the circuit. The circuit characteristics are theoretically analyzed in Section IV and measurement results are shown in Section V. Section VI provides a summary and conclusions.
II. CIRCUIT FEATURES
The presented circuit combines an adaptive photoreceptor [2] with a rectifying and thresholding differentiating element [3] , [4] . It computes different functions of the optical input signal at different terminals in continuous time. The irradiance impinging onto the circuit plane is transduced linearly into a sustained current and logarithmically into a sustained voltage. Positive or ON transients and negative or OFF transients are encoded on separate output nodes. Finally, a voltage signal is provided that superimposes ON and OFF transients onto a logarithmic sustained response. A variation of the circuit includes a gain stage providing an additional node that amplifies changes of the sustained voltage. The amplified signal slowly adapts back to the new sustained value. This modified circuit, therefore, provides transient enhancement at two different time scales. Similar encoding schemes exist in biological early visual processing structures that have evolved to handle the same types of images that artificial image processing circuits are typically presented with. Separated ON and OFF channels are found in the retina and the lateral geniculate nucleus and sustained and transient responses in the parvocellular and magnocellular pathways projecting from the retina into the visual cortex.
The ON and OFF transient nodes are less prone to dc offsets than nodes with bipolar signal coding, because they respond to a static input with a signal at the boundary of their output range (null signal), rather than in its middle. This has the additional benefit that their steady-state power consumption is very small. The transient responses are thresholded, such that low-amplitude, high-frequency noise is suppressed, while larger and slower signals are emphasized. For small irradiance transients above the threshold, the output currents at the ON and OFF terminals show a power law dependence on the irradiance relative to its initial value, while larger transients evoke a response that approximates the rectified first temporal derivative of the logarithm of the irradiance. To a first approximation, the transient responses, thus, encode the irradiance transients relative to irradiance, i.e., the temporal contrast, and are insensitive to absolute irradiance. At the same time, the difference of the logarithmic sustained responses of adjacent pixels directly encodes spatial contrast.
For image processing applications, encoding of contrast is generally more useful than encoding of brightness. This is due to the fact that most objects in our environment do not generate light but merely reflect it in a more or less diffuse manner. Since these processes are quite linear, the global image brightness mainly conveys information about the light source, while the available information on object surfaces is found in local image contrasts. The illumination of natural environments varies by several orders of magnitude and the contrast-sensitivity of linear irradiance sensors changes strongly over such a dynamic range, such that in darker parts of the image no features can be detected. Even if the coding is logarithmic, most of the dynamic range of an irradiance sensor with a purely sustained response must be devoted to cover variations of illumination. Variable lens apertures alleviate this problem in the case of homogeneous illumination conditions, but such sensors generally fail in the presence of large irradiance variations within a single image, e.g., due to the presence of dark shadows in a sunlit environment or due to specular reflections of metallic surfaces. Enhancement of transient responses and slow local adaptation to a mean brightness level provide a method to make better use of the available dynamic range.
Most previous implementations of optical transient sensors either do not provide rectified ON and OFF output channels [5] - [10] , or they are significantly larger than the proposed circuit [11] , [12] . The presented sensor is also more compact and less noise-prone than a previously reported circuit using a similar temporal differentiation technique [3] , [4] . The sensor has already successfully been used as a front-end for a variety of biologically-inspired image-processing circuits that perform such functions as motion-sensing [13] , attentional selection [14] , and orientation tuning [15] . The basic version of the transient sensor and some modifications to it are presented in the following section.
III. CIRCUIT CONFIGURATION

A. Basic Circuit
The proposed circuit in its basic version is shown in Fig. 1 . It consists of a photodiode in series with a transistor in source-follower configuration and a negative feedback loop from the source to the gate of [2] . The feedback loop consists of a high-gain inverting amplifier in common-source configuration ( , ) [2] and a thresholding and rectifying temporal differentiator stage ( , , ) [4] . The photocurrent linearly encodes irradiance over several orders of magnitude. For imaging applications under typical in- . The feedback loop significantly speeds up the circuit response with respect to a simple source-follower configuration, since the small photocurrent does not have to charge the large photodiode capacitance when is clamped [2] . Temporal differentiation is provided by the current onto the capacitor connected to the gate node of and the source nodes of and . For positive irradiance transients, the output signal of the inverting amplifier activates such that gets charged by a current proportional to the temporal derivative of . For negative irradiance transients, activates to discharge with a current encoding the temporal derivative of . Note that if the bulks of and would both be connected to the corresponding power rails the body-effect would be larger for than for , because is only two diode voltage drops above the lower power rail. If an n-well process is used to implement the circuit the body effect of can be avoided by connecting the well to the source, as shown in Fig. 1 . In order to get the same benefit from a p-well process the types of all transistors have to be exchanged. A BiCMOS process, providing a base implant of the opposite type from the well implant, allows to implement one of these two transistors as a bipolar and the other as a well-connected MOSFET, such that none of them has a body effect and they are, thus, both insensitive to the voltage of the operating point, as set by the irradiance and the amplifier bias voltage . Irradiance transients that are so small that the differentiating currents they produce are lower than the leakage currents of and are not detected. This implements a thresholding function. Given typical irradiances and a reasonably small capacitor , and will always stay in weak inversion, even in response to large and sudden irradiance changes, due to the limited bandwidth of the circuit.
In an ideal circuit, the voltage at the output of the inverting amplifier has approximately the same steady-state value as with a small offset, as determined by the different characteristics of and . As we will see, however, there is an additional offset because these two transistors are affected by leakage currents to the substrate. With respect to its baseline, logarithmically encodes and , thus, providing an emphasized bipolar transient response on top of the sustained response of .
B. Circuit Variations
The performance of the basic version of the transient sensor can be improved by incorporating additional circuitry. Three different modifications of the basic circuit are shown in Fig. 2 . Each one of these modifications can be implemented independently of the others and serves a different purpose, as described below.
For sufficiently large amplifier bias currents the bandwidth of the circuit is limited by the fact that has to charge the Miller capacitance between the gate and the drain of . The Miller effect can be avoided by introducing a cascode to shield the drain of against the large variations of [2] . Given that the bandwidth of the photodiode linearly decreases with irradiance, the use of a cascode is particularly beneficial if the circuit is to be operated under low-irradiance conditions.
The offset of with respect to due to leakage currents results in different contrast thresholds for the response of the differentiating currents to positive and negative transients. This asymmetry can be reduced by providing a constant current to the differentiator node that counterbalances the leakage current.
The response of the basic circuit can be enhanced by providing an additional capacitive gain stage in the feedback loop [2] . The voltage variations on the differentiator node are then A symmetric resistive element can be constructed from a floating well and two diffusions of the opposite doping type from the well. It corresponds to two oppositely directed diodes in series. In the ideal case, the current is limited to a low value by the reverse-biased diode, such that the element exhibits a symmetric saturating sigmoidal current-voltage characteristic. It supports arbitrarily large voltage drops within the limits of the reverse-breakdown voltages of the diodes and provides large adaptation time constants. However, for small separations of the two diffusions the device operates as a lateral p-n-p bipolar transistor with a floating base. The base current, supplied by the well-substrate leakage current, is then amplified to provide an increased adaptation current, which may considerably speed up the adaptation. The total dark leakage current to the substrate is small, but photogenerated minority carriers from the substrate are collected by the floating well and, thus, provide an irradiance-dependent adaptation rate. Furthermore, the parasitic vertical p-n-p bipolars into the substrate are activated. The resulting leakage currents cause an offset and make the adaptation properties asymmetric. The leakage currents have to be supplied by in the circuit and increase the steady-state value of . 
IV. CIRCUIT ANALYSIS
A. Adapted Steady State
The current through the photodiode can be computed as (1) where denotes the wavelength of the incoming photons, the quantum efficiency of the conversion of photons into electron-hole pairs contributing to the photocurrent at , the Planck constant, the speed of light, and the incoming optical power per unit wavelength at . In the case of an optical imaging system we find that (2) where denotes the aperture of , the optical transmission of the imaging system at , the -number of the imaging system, and the irradiance of the system per unit wavelength at .
The transistor is operated in saturation and, for typical irradiances, in weak inversion. Neglecting its Early effect we then obtain (3) where is the current-scaling parameter and the subthreshold slope factor of and denotes the thermal voltage , given by the absolute temperature , the Boltzmann constant , and the elementary charge . The voltage is set by the bias current through the inverting amplifier. Assuming a bias voltage that puts and into weak inversion and again neglecting Early effects we obtain (4) where and are the current-scaling parameters of and , respectively, and are the corresponding subthreshold slope factors and is the potential of the positive power rail. In this approximation is independent of . The actual dependence is due to the Early effects of and , i.e., to the limited gain of the inverting amplifier.
Neglecting the leakage currents of and and assuming weak inversion and saturation for these transistors we can compute the steady-state ON and OFF currents of the basic circuit ( Fig. 1) as (5) (6) where and are the current-scaling parameters of and , respectively, and and are the corresponding subthreshold slope factors. From the steady-state condition that we find that
As already mentioned in Section III-A, however, this equilibrium is disturbed by leakage currents in the transient pathways.
In the present circuit, such leakage currents mainly affect the diodes to the substrate, i.e., the source and drain diodes of and the well-to-substrate diode of . The source diode of does not contribute a leakage current because it is shorted and the leakage current of the drain diode of is small. Furthermore, the parasitic currents at the drain diodes of and do not influence the channel current, but add to the current drawn from subsequent devices. The source leakage current of and the well leakage current of , however, result in a parasitic current from the differentiator node into the substrate, which has to be balanced by an increased current through and, therefore, an increased offset of with respect to . According to Kirchhoff's current law, . Since is typically much larger than the current through the ideal circuit, as computed by (7), . Therefore
If and are implemented in the vicinity of the photodiode on the same silicon substrate, photoinduced minority carriers also contribute to the leakage and dominate it for large irradiances, such that it becomes roughly proportional to the photocurrent, i.e.,
, where denotes the ratio of the electrons collected by the source of and the well of to those collected by the photodiode. The dependence of on can be determined from the slope of the versus characteristic. The expected slope for a given relationship between and can be obtained by expressing in terms of using (3) and then substituting it into (9). For the modified circuit of Fig. 2 the currents on the differentiator node satisfy . If is significantly larger than , and
If an additional capacitive gain stage is used in the feedback loop, as shown in Fig. 2 , and the circuit is fully adapted, and the same analysis applies. The offset between and is determined by the leakage currents of the chosen resistive element, as described in Section III-B. These leakage currents add to at the differentiator node.
B. Transient
In the following, we will make a transient analysis of the circuit without considering parasitic capacitances and the effects of leakage currents in the transistors. How these nonidealities affect the transient operation of the circuit and how the introduction of a cascode and of a current source at the differentiator node change their effects will be described at the end of this section. The analysis presumes that the circuit variables have reached an equilibrium state before a transient change in the photocurrent is applied. The effect of ON and OFF transients will be treated separately. First, the basic circuit will be analyzed and afterwards the modification of the obtained results by a capacitive gain stage will be presented, assuming that no adaptation occurs in the considered time window.
The absolute value of the gain of the inverting amplifier is determined by the Early effects of and , and is given by (11) where and are the Early voltages of and , respectively.
Differentiating ( of different nodes to ON and OFF transients. For display purposes, the OFF response of the amplifier output node is offset by 00.88 V. For an ideal circuit, all temporal derivatives would be inversely proportional to jj, while the differential voltages would depend logarithmically on jj.
Differentiating (5) and (6), respectively, gives
If leakage currents in the differentiator stage are neglected, the capacitor current is given by (15) It follows from (3) that (16) In the closed-loop domain, where the feedback loop is activated, the term can be neglected if the loop gain is much larger than unity ( ). The difference in the transient currents is then proportional to the temporal derivative of the logarithm of the photocurrent, i.e., to the relative transient of the photocurrent.
Considering an ON transient which is sufficiently large that , (15) reduces to
Eliminating the and terms from (12), (13) , and (17) we end up with the differential equation (18) where (19) is the loop gain for ON transients. We can solve (18) by integrating it twice, which yields 
An analogous analysis for OFF transients with the assumption that reducing (15) to and using (12) and (14) leads to the differential equation (32) where (33) is the loop gain for OFF transients. Solving (32) and using (6) is the small-signal differentiator time constant for OFF transients with given by (7) . For the small-signal and large-signal regimes we can make analogous approximations as for the ON transients.
In the presence of an additional capacitive gain stage with a gain of in the feedback loop, as shown in Fig. 2 , the transient characteristics are similar to the ones of the basic circuit, as long as the adaptation through the resistive element of the gain stage can be neglected. In order to take into account the gain stage in the above analysis, has to be substituted for in all equations except for (12) . In the idealized circuit described above the gain stage does not affect the open-loop behavior, but it delays the onset and increases the gain of the closed-loop regime. Considering the fact that the voltage transient at the differentiator node is amplified by the capacitive divider ratio with respect to the voltage transient at the feedback node, according to , the difference of the closed-loop transient currents, as given by (16), and also the closed-loop gain of are amplified by . The loop gains (19) and (33) are reduced to and , respectively. This boosts the time constants and of the differentiator node by approximately , such that the transition from the open-loop to the closed-loop regime is delayed and the excursion of from its steady state at the transition point is increased by a term proportional to . Taking the parasitic capacitances into account, we note that the response of the circuit is low-pass filtered by the finite time constant of the photodiode node, as determined by the capacitance of the photodiode and the Miller capacitance between gate and drain of . The Miller capacitance can be eliminated and the bandwidth, thus, increased by introducing a cascode transistor , as shown in Fig. 2 . Similarly, the response of the amplifier output node is low-pass filtered by parasitic capacitances, but the time constant of this filter can be set by the amplifier bias current via . In order to reduce ringing effects the two time constants should be sufficiently different. Typically, the amplifier time constant is set to be smaller than that of the photodiode node at the largest irradiance the circuit is specified for, such that the circuit is stable over the entire irradiation range. However, for certain applications, where, for example, light flicker has to be filtered out, it may be advantageous to limit the bandwidth of the circuit to a low value by low-pass filtering the amplifier response.
The Fig. 1 in a 2 m n-well process and the other the modified version of Fig. 2 in a 1.2 m n-well process, using the resistive element described in Section III-B and a single p-type MOSFET as a tunable current source onto the differentiator node.
The output currents and were sensed as voltages and by on-chip logarithmic current-to-voltage converters implemented with diode-connected MOSFET's and , as shown in Fig. 3 for the basic version of the circuit. The transient currents can be computed from the measured voltages as (38) (39) where and are the current-scaling parameters and and are the subthreshold slope factors of and , respectively. These additional transistors neither affect the operation of the circuit nor degrade the measurements significantly. In addition to , , and , was measured in the basic circuit and in the circuit with the gain stage. The power supply voltage was set to 5 V and the bias voltage to a fixed value for all measurements, such that and were operated slightly above threshold. Subthreshold values of provide a larger amplifier gain, but introduce ringing effects and lower the dc operating point, thereby limiting the output range of for OFF transients. The measurements presented in Section VI-A-VI-C were done by illuminating the entire CMOS chip through a diffuser with a radiance-modulated light-emitting diode (LED), operating around an emission wavelength of 590 nm, while shielding the chip from ambient light. A forward voltage was applied to the LED with a series resistor, such that the current and, thus, the radiance of the LED were approximately linear For an ideal circuit without parasitic capacitances and leakage currents all these parameters would be independent of irradiance step size.
with the applied voltage in a certain range. A radiance-voltage calibration was performed using a photometer.
For the steady-state measurements, the irradiance range was expanded by inserting neutral density (ND) filters with attenuation factors of 10, 100, and 1000 between the diffuser and the chip. For transient measurements the LED was modulated using the buffered and low-pass filtered signal from a waveform generator. The low-pass filtering was necessary to reduce artifacts due to the discretization of the waveform generator's output signal. The time constant of the low-pass filter was set to 1 ms. The circuits were allowed to reach a steady state at a default irradiance of 38. found in typical imaging applications, where dynamic scenes consisting of nonluminous light-reflecting objects under nearly constant illumination are imaged onto an array of photosensors. For example, the maximum Michelson (or Rayleigh) contrast for transitions between two irradiance levels and , which is defined as (40) was 90%, corresponding to the maximum contrast obtained from typical diffusely reflecting surfaces, as given by the reflection coefficients of black and white surface portions. The chosen default irradiance was in a range that would be typical for an image of a scene under room lighting conditions using a standard imaging system. The minimum irradiance rise time of 1 ms, as given by the time constant of the used low-pass filter, corresponds to the transition time of a sharp contrast boundary moving at a velocity of 30 mm/s across the photodiode of the basic circuit, which has a width of 30 m. Assuming an imaging system with a focal length of 8 mm, such a velocity would be measured for a person walking across the field of view at a distance of about 40 cm.
For the experiments described in Section VI-D the circuit was directly tested as an imaging device by stimulating it with the images of moving stripe gratings printed by a laser printer on paper wrapped around a rotating cylinder. A square-wave and a sine-wave grating were used, each with a contrast of 89% and a period of 50 cm. The optical part of the imaging system was a surveillance camera lens with a focal length of 8 mm and an -number of 1.2. The gratings were placed at a distance of 20 cm from the lens, resulting in an image magnification of 0.04 and a grating period in the image of 2 cm. The experiments were performed under standard office lighting conditions, provided by ac-driven fluorescent tubes with a flicker frequency of 100 Hz. All the measured voltages are plotted with respect to a baseline level in the middle between the steady-state responses to the bright and dark stripes. The corresponding irradiance on the chip surface was approximately 7.5 mW/m . Ten voltage traces were averaged for each stimulus pattern.
VI. EXPERIMENTAL RESULTS
A. Steady-State Response
The voltage at the feedback node of the basic circuit shows the predicted logarithmic behavior over a large irradiance range, as shown in Fig. 4(a) . Toward low irradiances the slope flattens out due to the effect of leakage currents. Fig. 4(b) shows the dependence of on over the same irradiance range. The offset of with respect to is much larger than predicted by (8) . The major part of the offset is, therefore, due to leakage currents to the substrate. As we saw in Section IV-A, the slope of the versus curve reveals whether these leakage currents are dark currents or due to photogenerated charge carriers. For constant leakage currents, (9) predicts a slope of . If we assume that the leakage currents are proportional to the photocurrent we can substitute (3) into (9) to find the slope . The obtained slope clearly indicates that dark currents dominate the leakage in the considered irradiance range. Fig. 4(c) shows the irradiance dependence of , , and . For irradiances that are in the range of the chosen baseline level for the transient measurements (dotted line) or smaller, is independent of irradiance, which confirms that the leakage currents are dominated by dark currents. Toward larger irradiance values, starts to increase, suggesting a growing influence of photoinduced leakage currents. The value of remains small throughout the measured range. In the dark-leakage domain the increase of is per -fold increase in irradiance.
The dependence of on irradiance for the modified circuit is shown in Fig. 5(a) and the relationship between and in Fig. 5(b) . The bias current was set such that it was approximately equal to at the baseline irradiance. With decreasing irradiance slightly increases due to the Early effect of the MOSFET implementing the current source, while slightly decreases due to the smaller concentration of photogenerated minority carriers and due to the reduced reverse bias on the leaking diodes. Hence, for irradiances smaller than the default irradiance and the OFF pathway is activated while for irradiances larger than the default and the ON pathway is activated. This explains the abrupt transition of from a negative offset to a positive offset with respect to around the default irradiance. The steep slope of the upper part of the curve indicates that photoinduced leakage currents dominate the characteristics there. The increased light-sensitivity of this circuit with respect to the basic circuit can be explained by the additional irradiance-dependent parasitic current that has to be supplied to the resistive element, as explained in Section III-B. With decreasing irradiance the light-induced leakage currents should become negligible with respect to dark leakage currents and we expect the slope to approach unity for small irradiances, according to (10) , which is confirmed by a fit. The values of and are approximately constant for irradiances smaller than the baseline value, as can be seen from Fig. 5(c) . The measured value of remained almost constant throughout the entire range. However, it has to be noted that the lowest measured value for represents the lower limit of the on-chip instrumentation circuitry rather than the true value. For irradiances larger than the baseline value we notice a significant increase of with irradiance, confirming the strong contribution of photoinduced components to the leakage currents. The photoinduced leakage current at the largest measured irradiance is orders of magnitude larger than that of the basic circuit.
B. Response to Exponential Irradiance Changes
According to (1) and (2) shows a large offset with respect to the ideal value. However, assuming constant leakage currents, these relationships still hold differentially between different values.
The measured response of the instrumented nodes of the basic circuit to an exponentially changing irradiance with different time constants , according to (41), is shown in Fig. 6 . Since the ON pathway is partially activated by leakage currents in steady 
C. Response to Abrupt Irradiance Changes
The ideal response of the photocurrent to an irradiance step transient from to can be described by The measured responses of the instrumented nodes of the basic circuit to ON and OFF step transients with different contrasts are shown in Fig. 9 . The open-loop behavior significantly departs from the ideal one, due to the finite rise time of the irradiance change and the effect of parasitic capacitances. The capacitive coupling between the amplifier output node and the feedback node pulls toward its new steady state. This effect can be seen in Fig. 9(a) , where it induces some ringing for large transient steps, which can also be observed at the other nodes. For the chosen value of the ringing effects were small enough as not to induce significant spurious OFF responses at the terminal and spurious ON responses at the terminal. The parasitic capacitances and the finite rise time of the irradiance transients result in peak responses that are significantly smaller than those predicted by the theory for the ideal circuit.
In the closed-loop regime, the logarithmic decay of and after the initial ringing effects can clearly be seen in the traces of Fig. 9(c) and (d) . The logarithmic parts of the traces in Fig. 9(b) are less pronounced, in particular for OFF transients, where the decay characteristic becomes linear when the circuit reaches the open-loop regime, because it is then governed by the constant leakage current that discharges the differentiator node to steady state.
The fitted values of the voltage decay constants as a function of the relative irradiance step change are shown in Fig. 10(a) . The decay time constants and are shown in Fig. 10 (b) as a function of the relative irradiance step. They are the values of the time-axis intersections of the fits to and . The peak responses of the , , and nodes as a function of the irradiance step size are plotted in Fig. 11(a) . The response curve of is quite symmetric and so is the curve with respect to the curve, but the symmetry axis is displaced from the origin due to the asymmetry in the leakage currents. For small irradiance steps the peak values of are almost linear in , as expected in open loop, while for larger steps the feedback loop is activated before the open-loop peaks are reached. The response threshold of for ON transients is at 0.6% contrast and the threshold of for OFF transients is at 24.5% contrast. The onset delays of the different signals with respect to the step transient as a function of step size are plotted in Fig. 11(b) . The minimum delays for large ON steps are limited by the finite irradiance rise time.
The measured responses of the modified circuit are shown in Fig. 12 . The circuit exhibits more symmetric time delays for ON and OFF transients, less ringing, and a larger gain than the basic circuit. Saturation and adaptation effects can be observed in the and traces [ Fig. 12 (a) and (b)] after high-contrast OFF steps. The adaptation effects cause small spurious responses in the ON pathway [ Fig. 12(c) ]. In order to suppress spurious responses it is, therefore, important that the adaptive gain stage is designed to work at significantly longer time scales than the differentiator stage.
The peak responses at the different nodes of the modified circuit are shown in Fig. 13(a) and the onset delays of the signals in Fig. 13(b) . The response thresholds are now at contrasts of 6.2% for ON transients and 2.5% for OFF transients. The response delays to ON transients are slightly larger than for the basic circuit, while the delays of the signal to OFF transients are reduced to about 30% of those of the basic circuit. Part of this improvement is due to the symmetrization of the leakage currents and the other part to the activation of the cascode, which reduces the response delays by about 25% at the considered irradiance level. Increasing makes the circuit more sensitive to OFF transients but less sensitive to ON transients, i.e., the relative ON and OFF thresholds and delays can be tuned with . The slope of for small steps is much larger than for the basic circuit and limited by rather than by , as observed before.
D. Moving Contrast Grating
Fig. 14 shows the time courses of the different voltage signals of the basic circuit in response to the image of the square-wave and of the sine-wave grating at an image speed of 15 mm/s and the peak amplitudes of these signals in response to the square-wave stimulus as a function of image speed. The transient slope of the irradiance is expected to be inversely proportional to the transition time across the photodiode, i.e., proportional to the stimulus velocity. Hence, the peak amplitudes of the different signals should be linear with speed if the peaks occur in the open-loop regime and logarithmic with speed if they occur in the closed-loop regime. The data shown in Fig. 14(c) suggests that the closed-loop approximation holds over the entire speed range for the used stimulus. The response of the modified circuit to the same stimulation patterns is shown in Fig. 15 . The reduced peak response of to ON transients at high speeds is due to incomplete adaptation.
VII. CONCLUSION
We have presented two different versions of an integrated sensor that shows contrast-encoding sustained and transient responses to optical stimulation. The sensor is very compact and, thus, suitable for integration in medium-density focal-plane parallel image processors. The circuit has been characterized with different stimulation patterns. At the chosen irradiance level, the more sensitive version of the tested circuit implementations responds to sharp positive and negative irradiance transients down to contrasts around 5%.
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